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[57] ABSTRACT 

A transmission system Wherein a plurality of digital signals 
are coded and the coded signals are used to amplitude 
modulate respective carrier Waves. The amplitude modu 
lated coded signals are then combined for conveyance over 
a non-linear transmission medium. Due to the transmission 
non-linearity there Will be distortion of the received com 
bined signal, thereby reducing the transmission capacity of 
the system. In order to increase the transmission capacity, 
coding of the digital signals is carried out in accordance With 
a code such that the amplitude of the modulated carrier for 
digital symbols of higher probability is reduced in relation to 
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DIGITAL TRANSMISSION SYSTEM WITH 
SYMBOL ENCODING WHICH MAXIMIZES 
THE SIGNAL AMPLITUDE-TO-NOISE 

RATIO 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a transmission system 
having a transmitter comprising coding means for deriving 
from a plurality of sequences of digital symbols a plurality 
of sequences of coded digital symbols, modulation means 
for deriving from said plurality of sequences of coded digital 
symbols a plurality of digitally modulated carrier signals, 
and combining means for deriving a combined signal from 
said plurality of digitally modulated carrier signals. The 
transmitter is arranged for transmitting said combined signal 
over a non linear transmission medium to a receiver. The 

receiver comprises demodulation means for deriving at least 
one sequence of coded symbols from the received signal, 
and decoding means for deriving a sequence of digital 
symbols from said sequence of digital symbols. 

The present invention also relates to a transmitter, a 
coder/demodulator, a receiver and a signal for use in such a 
system. 

2. Description of the Related Art 
A transmission system according to the preamble is 

knoWn from “Coding to increase number of channels in 
QAM-SCM-IM/DD lightWave system” by J. H. Wu, Y. H. 
Lee and J. Wu in Electronic letters, 2” January 1992, Vol. 
28, No. 1, pp.65 . . .67. 

Such transmission systems can ?nd their application in all 
kinds of transmission netWorks having a non linear trans 
mission medium. 

A?rst example of such a transmission system is an optical 
transmission system. The transmission system is here 
regarded to comprise an electro-optical converter, e.g., a 
laser, an optical transmission path such as an optical ?bre or 
free space, and an opto electrical converter such as a photo 
diode. In common optical transmission systems the non 
linearity of the system is mainly caused by the electro 
optical converter, but it is also possible that substantial 
non-linearity is caused by optical ampli?ers present in the 
transmission path. 
Asecond example of a transmission system according to 

the preamble is a cable transmission netWork such as a 
CATV netWork. Here the non-linearity is mainly caused by 
the non linearity of the ampli?ers used at several places in 
the netWork. 

In transmission netWorks it is often desired to transmit a 
plurality of sequences of digital symbols. Each of said 
sequences of digital symbols represents, e.g., a separate 
(HD)TV program or a data service. In the knoWn transmis 
sion system each such sequence is coded to obtain a 
sequence of coded digital symbols. Subsequently the 
sequence of coded digital symbols is modulated on a proper 
carrier to obtain a modulated carrier signal. Finally, the 
different carrier signals are combined to form a combined 
signal Which is transmitted via the transmission medium. In 
the receiver at least one of the modulated carrier signals is 
selected, demodulated and decoded to obtain the desired 
sequence of digital symbols. 
Due to the non-linearity of the transmission medium the 

combined signal Will undergo some non-linear distortion, 
resulting in the generation of harmonics and intermodulation 
products. The presence of such distortion products Will 
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2 
cause some interference to the desired signals leading to an 
increased error probability. 

In the knoWn transmission system the sequences of digital 
symbols are coded using a (255,239) BCH error correcting 
code to reduce the error probability of the received digital 
symbols. Due to the use of such an error correcting code, 
more distortion can be tolerated, and consequently larger 
signal amplitudes of the combined signal can be tolerated. 
This leads to an increased capacity of the transmission 
system. HoWever the desire to increase the capacity of the 
transmission system even more still exists. 

SUMMARY OF THE INVENTION 

The object of the present invention is to provide a 
transmission system according to the preamble having an 
increased capacity. 

Therefor the transmission system according to the inven 
tion is characterised in that the coding means are arranged 
for deriving sequences of coded digital symbols such that 
the larger the probability of a coded symbol is, the loWer is 
the amplitude of the modulated signals corresponding to said 
coded symbol. 
The present invention is based on the recognition that 

transmission of symbols corresponding to a modulated car 
rier signal With a large amplitude causes most of the non 
linear distortion. By reducing the probability of said 
symbols, the average distortion introduced by all the carriers 
Will decrease, and consequently the error probability Will 
decrease too. This alloWs the use of still larger amplitudes 
and leads thereby to a larger capacity of the transmission 
system. 
A ?rst embodiment of the invention is characterised in 

that the non linear transmission medium comprises a cas 
cade connection of an electro-optical converter, an optical 
transmission channel, and an opto-electrical converter. 

In an optical transmission system the non-linearity is 
mainly caused by clipping of the negative signal excursions 
of the combined signal due to a limited bias current of the 
laser diode. The non-linear distortion is therefore often 
called “clipping noise”. HoWever, it is also possible that 
some saturation occurs at the positive excursions of the 
combined signal. 
A second embodiment of the invention is characterised in 

that the non-linear transmission medium comprises a plu 
rality of channel sections Which are interconnected via at 
least one ampli?er. 

In a transmission system in Which ampli?ers are the main 
cause of distortion the distortion Will both occur at positive 
and negative excursions of the combined signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention Will noW be explained in more detail With 
reference to the draWings, Wherein: 

FIG. 1 is a transmission system according to the inven 
tion; 

FIG. 2 shoWs an alternative transmission medium for the 
transmission medium 4 in FIG. 1; 

FIG. 3 is an embodiment of the coders and decoders used 
in a transmission system according to the invention; 

FIG. 4 shoWs the amplitude to noise ratio at the receiver 
as function of the probability of the digital symbols having 
value “1” in a transmission system according to the inven 
tion; and 

FIG. 5 is a 16-QAM constellation used in the invention. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

In transmitter 2 in FIG. 1 a plurality of sequences of 
digital symbols are applied to inputs of the coding means, 
being here coders 12 . . . 16. An output of each of the coders 
12 . . . 16 is connected to an input of a respective modulation 

means, being here modulators 14 . . . 18. The outputs of the 
modulators 14 . . . 18 are connected to inputs of combining 

means 20. 

The output of the combining means 20 is connected to the 
input of a transmission medium 4. The input of the trans 
mission medium is constituted by an input of an electro 
optical converter 22. The output of the electro-optical con 
verter 22 is connected to an input of a ?bre netWork 24. A 
plurality of outputs of the ?bre netWork 24 are connected to 
an input of opto-electric converters. One of these converters 
is explicitly shoWn as converter 26. The outputs of the 
transmission medium 4 are constituted by the outputs of the 
opto-electrical converters. 

In the receiver 10, the input is connected to a selector 28. 
The output of the selector 28 is connected to an input of a 
demodulator 30. The output of the demodulator 30 is con 
nected to an input of the decoder 32. At the output of the 
decoder 32 the reconstructed sequence of digital symbols is 
available. 

In the transmission system according to FIG. 1, N 
sequences of digital symbols are converted into N sequences 
of coded digital symbols by the coders 12 . . . 16. Each of 

the sequences of digital symbols can represent an audio, 
video or data signal. In each of the modulators 14 . . . 18 a 

digitally modulated carrier signal is obtained by modulating 
a carrier signal at least in amplitude. Suitable modulation 
methods are, e.g., ASK (Amplitude Shift Keying) and QAM 
(Quadrature Amplitude Modulation). 

The modulated carrier signals are combined in an adder 
20. The output of the adder 20, carrying the combined signal, 
is connected to the non-linear transmission medium. The 
non-linearity is caused by the laser 22, mainly due to the 
negative excursions of the combined signal. If the bias 
current of the laser 22 is equal to Ib, the amplitude IC of the 
current representing the combined signal should be smaller 
than Ib for distortion free transmission. The modulation 
indeX m=IC/Ib should be consequently smaller than 1. If the 
combined signal comprises N modulated carriers the modu 
lation indeX mi of each modulated carrier signal is limited to 
1/N (if mi is equal for all carriers) for distortion free 
transmission. Tolerating some distortion by letting mi>1/N 
can result in an increase of the transmission capacity of the 
transmission system. The optical output poWer Pop; of the 
laser diode 22 can be Written: 

PUFFC'IIWFC'A’IAXI(117%), Ith] (1) 

In (1) C is a proportionality constant, Ith is the threshold 
current of the laser diode 22, and MAX[X,y] is the maXimum 
value from the values X and y. The current IC can be Written: 

N 2) 

In (2) al-J- is the normalised amplitude of the modulated i”1 
carrier corresponding to the jth symbol. For the optical 
poWer Pop, of the laser diode 22 can noW be Written: 
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4 

The output signal of the laser 22 is distributed via the ?bre 
netWork 24 to a plurality of sub-stations 6, . . . , 8 and 10. 

In the sub-station 10, the output signal of the transmission 
medium 4 is available at the output of the opto-electrical 
converter 26. The frequency selector 28 selects one of the 
modulated carrier signals for demodulation. The selector 28 
can comprise a tunable band?lter, but it is also possible that 
the selection is made by converting the input signal to a 
loWer IF frequency by miXing it With a local oscillator signal 
With adjustable frequency. 

The opto-electrical converter 26 generates an electric 
signal Which is essentially proportional to the poWer of the 
received optical signal. 

Besides the desired electrical signal also some undesired 
components are present in the output signal of the opto 
electrical converter.The non linear distortion of the trans 
mission netWork generates harmonic components and inter 
modulation products. Besides the noise like signal caused by 
the non linear transmission medium three other noise com 
ponents are present at the input of the receiver. A?rst one is 
the so called Relative Intensity Noise (RIN) Which is gen 
erated in the electro-optical converter, and Which has a 
constant level at the output of the electro-optical converter. 
At the input of the receiver it is inversely proportional to the 
attenuation of the optical ?bre. A second and a third noise 
component are the noise of the electrical-optical converter 
and the noise caused by the electronic circuitry. The noise of 
the opto-electronic converter is proportional to the received 
optical signal, and the noise of the electronic circuitry is 
under normal circumstances constant. 

For the amplitude to noise ratio one can Write: 

A (4) 
ANR : i 

\/ NRIN + NSHOT + NREC + NCLIP 

In (4) A is the amplitude of the modulated carrier signal, 
NRIN is the relative intensity noise, NSHOT is the shot noise 
of the opto-electrical converter, NREC is the receiver noise 
and NCL ,P is the clipping noise due to the non-linear 
transmission medium. NRIN, NSHOT and NREC are indepen 
dent of the modulation indeX mi. A increases proportional 
With indeX mi and NCL ,1, increases more than proportionally 
With mi. In this situation there is a value of mi leading to a 
maXimum value of ANR, and consequently to a maXimum 
value of the channel capacity. By using a channel code in 
Which the probability of symbols decreases With an increas 
ing amplitude of the modulated carrier signal associated 
With it, the average signal amplitude is decreased. 
By reducing the average value of the amplitude of the 

modulated carrier signals by choosing a different channel 
code, a larger value of mi can be tolerated at a given value 
of the clipping noise. This results in an increased value of the 
maXimum amplitude to noise ratio. 

This means that the number of carriers and/or the number 
of signal levels of the modulation scheme can be increased. 
The modulated carrier signal available at the output of the 

selector 28 is demodulated by the demodulator 30. The 
signal at the output of the demodulator 30 is the demodu 
lated sequence of coded digital symbols. This sequence is 
decoded by the decoder 32. At the output of the decoder 32 
the sequence of digital symbols is available. 
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In the transmission medium 4 according to FIG. 2 the 
input is connected to the input of an ampli?er 34. The output 
of the ampli?er 34 is connected to an input of a poWer 
splitter 35. A?rst output of the poWer splitter 35 is connected 
to an input of an ampli?er 36 via a cable section 25. A 
second output of the poWer splitter 35 is connected to an 
input of an ampli?er 38 via a cable section 27. A third output 
of the poWer splitter 35 is connected to an input of an 
ampli?er 40 via a cable section 29. The output of the 
ampli?er 36 is connected to an input of a poWer splitter 37. 
Three outputs of the poWer splitter 37 are connected to drop 
sections for secondary stations. The output of the ampli?er 
38 is connected to an input of a poWer splitter 39. TWo 
outputs of the poWer splitter 39 are connected to drop 
sections for secondary stations. The output of the ampli?er 
40 is connected to the input of a poWer splitter 41. Three 
outputs of the poWer splitter 41 are connected to drop 
sections for secondary stations. 
A non linear transmission medium according to FIG. 2 is 

used, for example, in CATV systems. The non linearity is 
caused by the ampli?ers 34, 36, 38 and 40. The gain of the 
ampli?er 34 has been chosen to compensate the attenuation 
due to the splitting by the poWer splitter 35 and the loss in 
the cable sections 25, 27 and 29. The gain of the ampli?ers 
36, 38 and 40 is chosen to compensate for the attenuation 
due to the splitting by the poWer splitters 37, 39 and 41 
respectively and the loss in the corresponding drop section. 

The coders 12 . . . 16 in FIG. 1 may be as shoWn in FIG. 

3. Therein the coder input is connected to an input of a series 
to parallel converter 1. M outputs of the series to parallel 
converter are connected to M inputs of a read only memory 
3. N outputs of the read only memory 3 are connected to a 
parallel to series converter 5. The output of the parallel to 
series converter 5 constitutes the output of the coder. 
A clock input of the coder is connected to an input of a 

frequency divider 7 With a division factor N, and also to an 
input of frequency divider 9 With a division factor M. The 
output of the frequency divider 7 is connected to a clock 
input of the series to parallel converter 1. The output of the 
frequency divider 9 is connected to a clock input of the 
parallel to series converter 5. 

In case binary amplitude shift keying is used, the coder 
generates in response to a sequence of binary symbols 
having P(1) and P(0) each equal to 0.5 a sequence of binary 
symbols having P(1)<0.5 and having P(0)>0.5. 

In order to be able to transmit the same amount of data 
after being encoded, the symbol rate of the sequence of 
coded symbols has to be increased. The channel rate RCH 
has to be at least equal to 

(5) 

In (5) Rsource is the symbol rate of the source, and HCC is 
the entropy of the channel code. For HCC one can Write 

Hcc=-P(1)'l0g2P(1)-P(0)'1Og2P(0) (6) 

In the coder according to FIG. 3 the ratio betWeen the 
channel rate RCH and the source rate Rsource is equal to N/M. 
If it is assumed that the clock signal at the input of the 
frequency dividers 7 and 9 has a frequency fr, the output 
signal of the frequency divider 7 has a frequency f,/N and 
the output signal of the frequency divider 9 has a frequency 
of f,/M. Using the output signal of frequency divider 7, M 
source symbols are clocked into the series to parallel con 
verter during a period of M-N/fr. These symbols are subse 
quently applied to the ROM 3. 
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6 
The ROM 3 provides N coded symbols in response to the 

M input symbols. These coded symbols are transferred to the 
parallel-series converter 5. The coded symbols are converted 
into a serial stream With symbol rate f,/M by clocking the 
parallel-series converter 5 With the clock signal With fre 
quency f,/M provided by the frequency divider 9. Conse 
quently in the period N-M/fr N symbols are serially trans 
mitted by the coder. 
A ?rst useful code is one Which converts 3 input bits ai 

into 8 output bits b, as follows: 

a2 a1 210 b7 b6 b5 b4 b3 b2 b1 b0 

0 0 0 1 0 0 0 0 0 0 0 
0 0 1 0 1 0 0 0 0 0 0 
0 1 0 0 0 1 0 0 0 0 0 
0 1 1 0 0 0 1 0 0 0 0 
1 0 0 0 0 0 0 1 0 0 0 
1 0 1 0 0 0 0 0 1 0 0 
1 1 0 0 0 0 0 0 0 1 0 
1 1 1 0 0 0 0 0 0 0 1 

This code, also referred to as pulse position modulation, has 
a rate of 8/3 times the rate of the input code. The probability 
of symbol value 1 is equal to 1/8. If the logical value of “1” 
corresponds to the amplitude value of the modulated carrier 
signal being higher than the amplitude value corresponding 
to logical value “0”, this results in a decrease of the average 
poWer of the modulated carrier signal. 
A further code Which can be used With the present 

invention is given in the table beloW: 

a2 a1 an b3 b2 b1 b0 

0 0 0 0 0 0 0 
0 0 1 0 0 0 1 
0 1 0 0 0 1 0 
0 1 1 0 1 0 0 
1 0 0 1 0 0 0 
1 0 1 1 0 1 0 
1 1 0 0 1 0 1 
1 1 1 0 0 1 1 

3 bits ai are converted into 4 bits bj. The rate of the coded 
symbols is 4/3 times the rate of the uncoded symbols. The 
probability of symbol value 1 is equal to 5/16. 

FIG. 4 shoWs the amplitude to noise ratio as a function of 
the probability of logical value “1”. It is assumed that ASK 
modulation of the carrier is used. Further it is assumed that 
there are 64 carriers modulated With 2 Mbit/sec streams. It 
is further assumed that the output poWer of the electro 
optical converter is 0 dBm and the attenuation (including 
splitting loss) of the ?ber netWork is 34.4 dB. It is also 
assumed that the RIN can be neglected, mi is equal to 0.4 and 
that the value of the noise current In2 at the output of the 
opto-electrical converter is equal to 4 pAZ/HZ. 

FIG. 4 shoWs a maXimum ANR for P(1)=0.1. For values 
of P(1) smaller than 0,1 the receiver noise dominates. The 
amplitude to noise ratio decreases With P(1) due to the 
increased bandWidth required. For values of P(1) larger than 
0.1 the AN R decreases due to the rapidly increasing value of 
the noise like signal caused by distortion by the non-linear 
transmission medium 

FIG. 5 shoWs the constellation of a QAM signal Which 
can be used With the invention. This is a kind of coded 
modulation. Four consecutive bits are mapped on tWo con 
secutive symbols according to the constellation of FIG. 5. 
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A3 A2 A1 A0 C1 C2 

0 O O O 42 44 
O O O 1 5O 52 
O O 1 O 58 66 
O O 1 1 6O 68 
O 1 O O 62 64 
O 1 O 1 7O 72 
O 1 1 O 46 54 
O 1 1 1 48 56 
1 O O O 52 54 
1 O O 1 52 62 
1 O 1 O 52 6O 
1 O 1 1 54 62 
1 1 O O 54 6O 
1 1 O 1 62 6O 
1 1 1 O 54 56 
1 1 1 1 58 60 

The rate of the code according to the above mentioned table 
is 0.5. The symbols C]- can have the amplitude values a\/2, 
a\/ 10 and 3a\/2, a being a constant. The probability of an 
amplitude of a\/2 is equal to 18/32=9/16, the probability of an 
amplitude value of a\/ 10 is equal to 1%2=5/16 and the 
probability of an amplitude value of 3a\/2=1/s. Using these 
probabilities, the average square of the amplitude corre 
sponding to the present code can be found: 

, ~ ~ 9 , 

< c2 > :m l8+-a2-—--lO +a‘——— -2: 6.5a‘ 
16 16 

For uncoded QAM one can easily ?nd: 

1 1 1 A 
< c2 > : -- - 18612 + --10a2 + —2a2 : 10w 

4 4 

From the above mentioned calculations it is clear that due to 
the coding the average value of <C2> is substantially 
decreased. 
What is claimed is: 
1. A transmitter for use in a transmission system Wherein 

a plurality of digital signals are transmitted over a non-linear 
transmission medium to one or more receivers, the digital 
signals being in the form of respective sequences of digital 
symbols; said transmitter comprising: 

coding means for encoding the respective sequences of 
digital symbols so as to derive a plurality of sequences 
of encoded digital symbols; 

modulating means coupled to said coding means for 
modulating respective carrier Waves With the respective 
sequences of encoded digital symbols, thereby deriving 
a plurality of digitally modulated carrier Waves; and 

combining means coupled to said modulating means for 
combining the plurality of digitally modulated carrier 
Waves to thereby derive a combined Wave Which is 
supplied to said transmission medium for conveyance 
to said one or more receivers; 

characteriZed in that said coding means encodes the 
respective sequences of digital symbols in accordance 
With a code such that 
(i) encoded digital symbols of higher probability of 

occurrence correspond to loWer amplitudes of the 
digitally modulated carrier Waves representative 
thereof, and 

(ii) an encoded digital symbol Which corresponds to a 
maXimum amplitude of the digitally modulated car 
rier Wave representative thereof has a probability of 
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8 
occurrence Which provides a maXimum signal 
amplitude-to-noise ratio of said digitally modulated 
carrier Wave; 

the average amplitude of each of the digitally modulated 
carrier Waves being reduced as a result of said 
encoding, thereby increasing the signal amplitude-to 
noise ratio of each of said Waves. 

2. A transmission system for transmission of a plurality of 
digital signals from a transmitter to one or more receivers via 
a non-linear transmission medium, the digital signals being 
in the form of respective sequences of digital symbols; 
characteriZed in that: 

said transmitter is a transmitter as claimed in claim 1; and 

said non-linear transmission medium comprises a cascade 
connection of an electro-optical converter, an optical 
transmission channel, and an opto-electrical converter. 

3. A transmission system for transmission of a plurality of 
digital signals from a transmitter to one or more receivers via 
a non-linear transmission medium, the digital signals being 
in the form of respective sequences of digital symbols; 
characteriZed in that: 

said transmitter is a transmitter as claimed in claim 1; and 

said non-linear transmission medium comprises a plural 
ity of optical channel sections having respective inputs 
Which are interconnected to a common output of at 
least one optical ampli?er. 

4. A receiver Which is one of a plurality of receivers for 
use in a transmission system Wherein a plurality of coded 
digital signals are transmitted over a non-linear transmission 
medium to each of said receivers, the coded digital signals 
being in the form of respective sequences of coded digital 
symbols Which are transmitted by modulating respective 
carrier Waves With the respective coded digital signals and 
combining the digitally modulated carrier Waves to form a 
combined Wave Which is supplied to the transmission 
medium for conveyance to said receivers; said one receiver 
comprising: 

selecting means for selecting a particular one of the 
digitally modulated carrier Waves from a combined 
Wave received from said transmission medium; 

demodulating means coupled to said selecting means for 
recovering from the selected digitally modulated car 
rier Wave a coded digital signal in the form of a 
sequence of coded digital symbols; and 

decoding means coupled to said demodulating means for 
decoding the recovered sequence of coded digital sym 
bols to derive a corresponding sequence of decoded 
digital symbols, the decoding being in accordance With 
a code such that 
(i) coded digital symbols of higher probability of 

occurrence correspond to loWer amplitudes of the 
digitally modulated carrier Waves representative 
thereof, and 

(ii) an encoded digital symbol Which corresponds to a 
maXimum amplitude of the digitally modulated car 
rier Wave representative thereof has a probability of 
occurrence Which provides a maXimum signal 
amplitude-to-noise ratio of said digitally modulated 
carrier Wave; 

the average amplitude of each of the digitally modulated 
carrier Waves being reduced as a result of said 
encoding, thereby increasing the signal amplitude-to 
noise ratio of each of said Waves. 


